Abstract In this study thermal energy of an engine was used to dry apricot. For this purpose, experiments were conducted on thin layer drying apricot with combined heat and power dryer, in a laboratory dryer. The drying experiments were carried out for four levels of engine output power (25 %, 50 %, 75 % and full load), producing temperatures of 50, 60, 70, and 80°C in drying chamber respectively. The air velocity in drying chamber was about 0.5±0.05 m/s. Different mathematical models were evaluated to predict the behavior of apricot drying in a combined heat and power dryer. Conventional statistical equations namely modeling efficiency (EF), Root mean square error (RMSE) and chi-square (χ2) were also used to determine the most suitable model. Assessments indicated that the Logarithmic model considering the values of EF = 0.998746, χ 2 = 0.000120 and RMSE = 0.004772, shows the best treatment of drying apricot with combined heat and power dryer among eleven models were used in this study. The average values of effective diffusivity ranged 1.6260×10 −9 to 4.3612×10 −9 m2/s for drying apricot at air temperatures between 50 and 80°C and at the air flow rate of 0.5±0.05 m/s; the values of Deff increased with the increase of drying temperature the effective diffusivities in the second falling rate period were about eight times greater than that in the first falling rate period.
Introduction
Interest in combined heat and power technologies has grown among energy customers, regulators, legislators, and developers over the past decade as consumers and providers seek to reduce energy costs while improving service and reliability. Combined heat and power technology is a specific form of distributed generation, which refers to the strategic placement of electric power generating units at or near customer facilities to supply onsite energy needs. Combined heat and power technology enhances the advantages of distributed generation by the simultaneous production of useful thermal and power output, thereby increasing the overall efficiency.
Internal combustion engines are capable of burning a variety of fuels, including natural gas, oil, and alternative fuels to produce shaft power or mechanical energy. About two-thirds of the energy inputs to the engine wasted through exhaust gas and cooling system. Waste heat is generated in a process by the way of fuel combustion or chemical reaction, and then dumped into the environment even though it could still be reused for some useful and economic purpose (Pandiyarajan et al. 2011 ). Mechanical energy from the prime mover is most often used to drive a generator to produce electricity. Thermal energy from the system can be used in direct process applications or indirectly to produce steam, hot water, hot air for drying.
Fruits and vegetables are regarded as highly perishable food due to their high moisture content (Simal et al. 1997) . Drying is one of the methods that is widely used to preserve fruits and vegetables. Longer persistence, product diversity and reduction in the size are the main reasons for drying fruits and vegetables and this can be expanded with improving product quality and drying methods. Drying of moist materials is a complicated process involving simultaneous heat and mass transfer (Yilbas et al. 2003) . Many researches have attempted for drying the Food products especially apricot. Mathematical modeling of drying process is a good way to analysis and describing the products drying treatment. All parameters used in the model are directly related to drying conditions, drying time and energy required (Babalis and Belessiotis 2004) . This process is very useful because doing all the experimental tests will be difficult, time consuming and costly. There are so many investigations about mathematical modeling of thin layer drying behavior of agricultural products, for example, tomato (Das Purkayastha et al. 2011) , apricot (Toğrul and Pehlivan 2002) , pumpkin (Tunde-Akintunde and Ogunlakin 2013), grape (Doymaz 2012) , olive (Akgun and Doymaz 2005) , carrot (Aghbashlo et al. 2009 , Kumar et al. 2012 , eggplant (Ertekin and Yaldiz 2004) , apple pomace (Wang et al. 2007; Velickova et al. 2013) , plum (Goyal et al. 2007 ), betel leave (Balasubramanian et al. 2011) ,sour cherry (Motavali et al. 2011) , white mulberry (Akpinar 2008) , oyster mushroom (Bhattacharya et al. 2013) and mango (Murthy and Manohar 2013) .
However, there is no extensive and complete research on the drying of agricultural products sing the exhaust's hot leaving gas in different engine operating powers and, therefore, in different drying temperatures. The objectives of this study are, investigating the drying of apricot slice with a combined heat and power dryer and comparing mathematical models and determine the most suitable model for drying treatment.
Material and methods

Experimental apparatus
Drying experiments were carried out in a drying laboratory of Tarbiat Modares University. In this work from exhaust waste heat of an engine -generator was used for drying process. Equipment used in this dryer consist of a single cylinder engine that works with natural gas fuel, a generator that produces 2 kW of electricity, a dryer chamber which samples place in it, a fan to remove air from the dryer chamber, a digital balance for weighing samples, temperature sensor for measuring temperature and a PC to record hot air temperature and sample weight. Schematic diagram of the dryer is shown in Fig. 1 .
Waste heat from the engine exhaust was directed into the dryer chamber. The heat is approached directly under the chamber page and the drier's chamber is warmed. Hot air is (Karathanos 1999) circulated inside the chamber and is removed from the chamber by a fan. Engine was run for a few minutes to reach steady state conditions, the drying experiment were performed at constant speed and four load levels, 25 %, 50 %, 75 % and full load.
Experimental material
Fresh apricot was obtained from Tehran local market in July 2012. The samples were stored in the refrigerator at 3°C. Initial moisture content of the apricot was determined by drying in an air convection oven. About 77 g sample was placed in the oven at 80°C for 12 h till the sample weight did not change anymore and the initial moisture was obtained to be 87 % (w.b.). All the experiments were replicated three times.
The experiments
The experiments were performed at 25 %, 50 %, 75 % and full load of engine output power. At 25 %, 50 %, 75 % and full load engine output power the temperatures generated in drying chamber, was about 50, 60, 70 and 80°C respectively. The hot air velocity was 0.5 m/s which was circulated all over the drying chamber continuously. The apricots first sliced to two parts, and cores were removed. The initial weight of sample was 77 g, and mass variation was recorded every 5 min by a digital balance.
Mathematical modeling of drying curves
To evaluate the characters of the drying process, it is highly important for modeling the drying process. Therefore in this study, the drying curves obtained from experiments were fitted with 11 different models that commonly were used for describing the thin layer drying behavior (Table 1) . To find the best mathematical model, the moisture content data at different engine output powers were converted to (MR) that presents the dimensionless moisture ratio using Eq. (1).
where, M is the instantaneous moisture content (kg water kg −1 dry matter ) of the product, M 0 is the initial moisture content of the product and M e is the equilibrium moisture content. The values of M e are relatively negligible compared with M and M 0 for long drying time. Thus Eq. (1) has been simplified to Eq. (2) (Toğrul and Pehlivan 2004) .
Regression analyses for determining the most suitable model for drying thin layer apricots with combined heat and power dryer was carried out with using the conventional (Akpinar et al. 2003) . These statistical values can be calculated as follows:
where, MR exp,i is the ith experimental moisture ratio, MR pre,i is the ith predicted moisture ratio, N is the number of observations, n is the number of constants in the drying model and MR exp;i mean is the mean value of experimental moisture ratio.
Calculation of effective diffusivities
It has been accepted that the drying characteristics of biological products in falling rate period can be described by Fick's diffusion equation. The solution to this equation (Crank 1975) can be used for various regularly shaped bodies such as rectangular, cylindrical and spherical products, and the form of Eq. (6) can be applicable for particles with slab geometry by assuming uniform initial moisture distribution:
where D eff is the effective diffusivity (m 2 /s); L 0 is the half thickness of slab (m). For long drying periods the above equation can be simplified to Eq. (7):
Eq. (8) is obtained by taking the natural logarithm of both sides:
Diffusivities are typically determined by plotting experimental drying data in terms of ln MR versus drying time t in Eq. (8), because the plot gives a straight line with a slope as follows (Wang et al. 2007 ):
Results and discussion
Analysis of drying characteristics of apricot
Apricot was dried at 25 %, 50 %, 75 % and full load of engine output power in a combined heat and power dryer and the temperatures produced in drying chamber were at 50, 60, 70 and 80°C respectively. The initial moisture content of apricot was about 6.7±0.1 (d.b.), and the equilibrium moisture content was 0.088±0.001 (d.b.) when no more change in weight was observed. For describing the apricot drying process, the moisture content at different drying conditions were converted to the dimensionless moisture ratio (MR). The drying curves of the apricots dried in the combined heat and power dryer are shown in Fig. 2 . Obviously, within a certain temperature range (50-80°C), increasing drying temperature speeds up the drying process, thus shortened the drying time. This result is similar to those of apricot products drying (Toğrul and Pehlivan 2002; Abdelhaq and Labuza 1987) . The time required to reach equilibrium moisture at 25 %, 50 %, 75 % and full load of engine output power were obtained for 190, 170, 125 and 95 min respectively. At starting the drying, initial moisture content of the apricot was high hence the loss of the humidity was high. During the drying process the product moisture content decreasing gradually which causes longer time needed in losing the moisture content. The engine output power was increased at equal intervals of 25 % from 25 to 100 % which caused a decrease in drying time by 20, 45 and 30 min correspondingly. The results showed that the reduction in drying time did not happen in the equal interval. In Figs. 3 and 4 it can be seen that a constant drying rate was not observed in drying the apricot samples and the moisture loss at beginning was faster comparing it with the end of drying process. This observation is in agreement with previous results on thin-layer drying of biological products (Tunde and Ogunlakin 2013, Bhattacharya et al. 2013) The fuel consumption at full load is not economic and the temperature higher than 80°C, causes disintegration of apricot (Toğrul and Pehlivan 2002) . So, with regard to economic issues and product quality the 75 % of engine output power is the most suitable load for drying apricot.
Fitting of the drying curves MATLAB 2011, curve fitting toolbox environment was employed to run standard drying curve fitting (Table 1) on the experimental data. The statistical results including models coefficients and equations used to assess the excellence model namely EF, RMSE and χ 2 are presented in Table 2 . The average values of R 2 , χ 2 and RMSE for all drying models are shown in Fig. 5 . Logarithmic model offering maximum average value of EF and minimum average value of RMSE and χ 2 namely 0.998746, 0.004772 and 0.000120 respectively as shown in Table 2 and Fig. 5 .
Considering the direct effects of engine output power on logarithmic equation constants and coefficients (k, a and c at Eq. (10) regression analysis was used to determine the relationship between the coefficients and the loads. Regression equations obtained from the parameters versus load (L) are as follows:
where, MR is the moisture ratio, k is the drying rate constant (min
), t is the time (min), a and c are the experimental constants.
With considering the value of EF=0.998746, RMSE= 0.004772 and χ 2 =0.000120 compatibility of experimental data with logarithmic model is revealed. Thus the moisture ratio of apricots that are drying in the combined heat and power dryer can be estimated with high accuracy in each moment. It can be seen from Fig. 6 that, logarithmic model was in a good agreement with the experimental results at all drying conditions.
In Fig. 7 , the data predicted by the logarithmic model versus the experimental data is plotted. As can be seen the points have been arranged on a straight line with an angle of 45°to the horizontal axis that shows the good agreement between the calculated and experimental results. Accordingly, the Logarithmic model was selected as a suitable model to describe the characteristics of thin layer drying of apricot dried in combined heat and power dryer. The results obtained have shown that internal mass transfer resistance due to presence of a falling rate-drying period controls drying time. Therefore, the values of effective diffusivity (D eff ) at different engine output power could be obtained by using Eqs. (8) and (9), the slope needed for Eq. (9) is given in Fig (8) . The average values of effective diffusivities of apricot in the drying process at 25 % to full load of engine output power varied in the range of 1.6260×10 −9 to 4.3612× 10 −9 m 2 /s (Table 3) . As is expected, the values of D eff increased with the increase of drying temperature. These results were in agreement with the previous investigations that the values of effective diffusivities lie within the general range of 10 −11 to 10 −9 m 2 /s for food materials (Abdelhaq and Labuza 1987; Madamba et al. 1996) . In this study during drying, two falling rate periods were observed, each period occurs in a constant slope (Fig. 8 ) from which the effective diffusion coefficients are calculated. The dividing point between the first and second falling rate periods was at about 42 % (wb) of moisture content. The effective diffusivities in the first falling rate period ranged from 2.4307×
10
−10 to 1.1157×10 −9 m 2 /s whereas the effective diffusivities in the second falling rate period ranged from 3.0089× 10 −9 to 7.6068×10 −9 m 2 /s about eight times greater than that in the first falling rate period (Table 3) . These values are correspond with conclusions obtained for previous investigation (Simal et al. 1994 ).
Conclusions
1-Drying behavior of thin layer apricot in combined heat
and power dryer at 25 %, 50 %, 75 % and full load of engine output power was investigated. Among eleven models, Logarithmic model considering the values of EF=0.998746, χ 2 =0.000120 and RMSE=0.004772 was the most suitable model. 2-Variety, drying air temperature is significant factor in drying time. Therefore engine output power is an important factor that effects on apricot drying time and logarithmic coefficient. Higher engine output power resulted in a shorter drying time. 3.0089×10 Full load 80 4.3612×10 −9
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3-The fuel consumption at full load was high and it was not economic and the temperature higher than 80°C, causes disintegration of apricot. So with regard to economic issues and product quality the 75 % of engine output power is the best load for drying the apricot. 4-the average values of effective diffusivity ranged 1.6260×10 −9 to 4.3612×10 −9 m 2 /s for drying apricot at air temperatures between 50 and 80°C and at the air flow rate of 0.5±0.05 m/s; the values of D eff increased with the increase of drying temperature the effective diffusivities in the second falling rate period were about eight times greater than that in the first falling rate period
